IntroDuctIon
Protein phosphorylation is one of the most abundant post-translational modification present in both lower and higher eukaryotes. In fact, reversible phosphorylation is an important mechanism by which many basic cellular processes are regulated, including DNA replication, gene transcription, protein translation, cell growth and metabolism, differentiation and intercellular communication 1 . How phosphorylation regulates these basic cellular processes is achieved through a number of different mechanisms. Phosphorylation by a kinase can not only activate or deactivate a protein but also affect the rate at which a protein is degraded, its ability to translocate from one subcellular compartment to another and its capacity to bind to other proteins 2 . A major challenge in the phosphorylation field continues to be determining the network of kinase signaling pathways. Recent advances in phosphoproteomic methodologies have greatly deepened our understanding of the scope and complexity of phosphoregulatory networks [3] [4] [5] [6] . However, few have been targeted at the global identification of kinase-substrate relationship. Thousands of in vivo phosphorylation sites have been mapped using mass spectrometry (MS), although it is only recently that quantitative MS techniques have enabled phosphorylation sites that are dependent on a specific kinase to be mapped [7] [8] [9] . A common issue with these MS techniques is the difficulty in distinguishing direct phosphorylation events among indirect phosphorylation events that occur further downstream in the signaling pathway 6 . Furthermore, less abundant phosphorylation sites are often missed.
Kinase assays performed using analog-sensitive alleles have also been instrumental in the identification of kinase-substrate pairs 3 . For example, several kinases, including the cyclin-dependent kinases Cdk1 and Pho85, have been mutated at a conserved bulky residue in their ATP binding pockets such that they preferentially bind an ATP analog (N 6 -benzyl-ATP) that cannot be accommodated by wildtype kinases [10] [11] [12] . Using this method, 181 candidate substrates were identified for Cdk1 and 24 candidate substrates were identified for Pho85. Although entire proteomes can be assayed for the in vitro substrates targeted by a particular kinase, this technique can only be used for those kinases in which an analog sensitive mutation can be introduced that does not affect the kinase's function. Peptide libraries have additionally been used to profile kinase consensus phosphorylation motifs targeted by a kinase of interest. Although they aid our understanding of how specificity is achieved and provide useful information in designing candidate kinase inhibitors, these consensus phosphorylation motifs can only be successfully used to predict in silico candidate substrates with kinases that exhibit highly selective motifs 13 . The recent generation of whole genome overexpression collections has led to the development of protein microarrays and their use in enzymatic assays 5, 14 . Protein microarray kinase assays circumvent the major issues encountered in these other phosphoproteomic methodologies and enable the interrogation of thousands of proteins for the in vitro substrates targeted by a kinase in a single direct assay, with the only requirement being that the kinase can be purified in its active form. In yeast, two different whole genome overexpression collections have been generated, an N-terminally tagged glutathione S-transferase (GST) collection 5, 15 and a C terminally tagged tandem affinity purification-(TAP-) tag (6xHis-HA-3C protease cleavage site-ZZ domain of protein A) collection 16 . Both have successfully been used to generate protein microarrays. Here, we describe the generation of protein microarrays using the TAP-tagged collection as this collection is a second generation collection boasting greater coverage, higher quality (more thoroughly sequenced) and updates of more recently annotated or unannotated genes. Furthermore, C-terminal tags likely avoid the issue of improper targeting of proteins destined for the secretory pathway, an issue that may arise with the use of N-terminal tags.
There are, however, limitations to protein microarray kinase assays. First, the kinase-substrate relationship is identified in vitro and may not represent the bona fide in vivo relationship. Further validation is thus necessary using traditional genetic and biochemical techniques. Second, substrates may be missed (or occur) due to lack of appropriate modifications or the absence of adaptor/scaffold proteins. Finally, creating a collection of expression open reading frames (ORFs) and developing methods to overexpress large numbers of proteins can require considerable effort. Many expression collections have nonetheless been generated to date [17] [18] [19] [20] [21] , and improved high-throughput protein production has already led to the construction of several high content arrays including Arabidopsis protein arrays and human protein arrays [21] [22] [23] . Therefore, despite these limitations, the use of protein microarrays in enzymatic assays is readily amenable for many eukaryotes.
Although we describe protocols for protein purification and protein kinase assays using microarrays for yeast, these protocols can easily be adapted for any organism.
Experimental design
The first part of this protocol describes the expression of the yeast proteome using a whole genome overexpression collection specifically designed for protein purification. This collection, derived from the yeast strain BY4741, consists of >5,500 clones that each harbor a 2 µm Gateway (Invitrogen, Carlsbad, CA, USA) compatible URA3 plasmid containing a different yeast ORF cloned under the control of a galactose-inducible promoter and tagged at its C-terminus with the TAP tag. The yeast are first grown overnight as 0.8 ml synthetic complete medium without uracil (SC-ura)(dextrose) starter cultures in 96-well boxes that contain a 3.5 mm glass bead in each well. The saturated starter cultures are then diluted into 20 ml SC-ura raffinose outgrowth cultures in 50 ml flip-top conical tubes, each containing an 8 mm glass bead, and allowed to grow until mid-log phase (OD 600 = 0.8). Uracil drop out media (SC-ura) is chosen to select for maintenance of the plasmid, and the glass beads facilitate aeration of the culture by preventing cells from settling on the bottom of the well or tube. As the GAL promoter is repressed when cells are grown in the presence of raffinose, recombinant protein expression can be induced by adding galactose to each of the 20 ml outgrowth cultures to a final concentration of 2% (wt/vol). To encourage active cell growth during induction, yeast extract and peptone are also added at this stage, thereby providing the cells a nutrient-rich environment. Although this nutrient-rich environment no longer selects for cells that maintain the overexpression plasmid, limiting the induction period to 6 h ensures that recombinant proteins are still recovered from cells that are beginning to apoptose and/or lose their plasmids. Cells are then harvested and transferred to a 96-well box. At this point, cell pellets can be snap frozen and stored at − 80 °C until ready to proceed with the purification.
The second part of this protocol describes the purification of the recombinant yeast proteome in a 96-well format using the ZZ domain of protein A present in the TAP tag. All protein purification steps should be carried out at 4 °C and protease inhibitors should be freshly added to buffers to minimize the degradation of recombinant proteins by endogenous proteases. To prepare crude lysates, equal volumes of 0.5 mm glass beads and lysis buffer are added to the cell pellets. The cell pellets are then agitated by paint shaker to break open the yeast cells. To clear the crude lysates of cellular debris, the lysates are passed through a 1.2 µm polyvinylidene fluoride (PVDF) filter plate. Two rounds of lysis are carried out, the first round using a low-salt lysis buffer ([NaCl] = 150 mM) and a second round using a high-salt lysis buffer ([NaCl] = 650 mM). These two rounds of lysis are designed to disrupt both weak and strong protein interactions, ensuring complete extraction of the recombinant proteins from their native complexes. The cleared low-salt and high-salt lysates are combined, and the NaCl concentration of the combined lysates is adjusted to 200 mM before incubation with IgG sepharose beads. This salt concentration readjustment is crucial to maximize the binding of ZZ domain in TAP tag to IgG sepharose beads. Protein-bound IgG sepharose beads are finally washed and incubated with GST-tagged 3C protease to elute the purified recombinant proteins. The 3C protease targets a specific sequence (Leu-Glu-Val-Leu-Phe-Gln/Gly-Pro) present in the TAP tag between the HA tag and the ZZ domain of protein A, and thus cleavage allows the release of the 6xHis-HA tagged protein from the beads. After cleavage, the recombinant proteins are recovered by filtering the entire cleavage reaction slurry through a 0.65 µm pore filter plate. To remove the GST-3C protease from protein preparations, the eluate is incubated with glutathione sepharose beads, and the purified protein is collected by filtering the glutathione sepharose slurry once more through a 0.65 µm pore filter plate. Although a single round of purification is sufficient for the generation of protein microarrays to be used in kinase assays, the 6xHis-HA portion of the TAP tag that remains after 3C cleavage allows for a second round of purification to be carried out using Ni 2 + -coated sepharose beads if more highly purified preparations are needed. Ni 2 + -coated sepharose beads are used to take advantage of the high affinity of His tags for metal chelates. Typically, four 96-well plates are purified at a time, and the entire purification protocol takes 2 d. Thus, purification of the entire proteome is most efficiently accomplished by staggering the purification of each set of four 96-well plates, starting the purification for a new set on the same day as purification for the previous set is finished.
The next part of the protocol describes printing of the protein microarrays. Although detailed instruction on microarray printing is beyond the scope of this protocol, documentation on planning a plate for printing and mapping coordinates between microplates and arrays can be found in Cheung et al. 24 . Detailed information on using a microarray printer, analyzing the quality of the printed slides and scanning the slides to obtain data can be found at http:// robinsonlab.stanford.edu/microarrays/index.htm. Briefly, purified proteins are printed in a spatially addressable format in 48 blocks onto UltraGAPS amino-silane-coated glass slides (Corning Life Sciences, Lowell, MA, USA) using a 48-pin ESI contact printer (Digilab Inc., Holliston, MA, USA). Each purified protein preparation is printed in duplicate to increase the confidence of positive signals. Other slide surfaces may also be used such as nitrocellulose or nickel-coated slides. However, in our hands, UltraGAPS slides have been found to provide the lowest background, and thus highest signal-to-noise ratio for radioactive kinase assays. To begin the printing, the quality of the pins is first checked. As glycerol and detergent concentrations affect the surface tension of the droplet and in turn both the size and shape of the printed spots, test printing is done using a 30% glycerol (vol/vol)/0.1% Triton X-100 (vol/vol) detergent solution; these are the same concentrations of glycerol and Triton X-100 present in the purified protein preparations. All 48 pins should form spots that are evenly distributed across the slide. As the contact printer has been programmed to print from 384-well format, the protein preparations are next thawed on ice and rearrayed into 384-well plates with kinase assay controls before being used for printing. In addition to a buffer-only control that is included to experimentally determine any background arising in the absence of the immobilized substrate, positive control mixtures specific for kinase assays are also included. Typical positive controls include histone H1 (a generic protein kinase substrate) and protein kinase A (PKA) (a kinase that readily autophosphorylates), and serve to help with the orientation of the slide upon autoradiography exposure. Each 384-well plate takes ~20 min to print 60 slides. Thus, to minimize protein degradation, protein preparations are thawed and rearrayed in stages, preparing each 384-well plate as the previous one is finished printing. Once printing of the entire proteome is complete, printed slides are allowed to dry and can be stored at −80 °C for up to 1 year. At this point, the quality of the slides can be checked by probing the slides with anti-HA antibodies (or anti-GST antibodies if purifying the N-terminally tagged GST collection) followed by fluorescently conjugated secondary antibodies (Fig. 1) .
Finally, the last part of the protocol describes the in vitro kinase assay using the printed protein microarrays. Protein microarray kinase assays are performed much in the same manner as traditional in vitro kinase assays with purified proteins 25 with the exception that the target substrates are instead immobilized onto a glass surface. Most yeast kinases can be purified in their active form using the TAP-tagged ORF collection. Similar methodologies as those used for the proteome purification can be followed, but preparations should be carried out in a large format starting with cell pellets obtained from 0.1-1 liter of outgrowth cultures. The amount of kinase for each assay depends on the level of activity, but typically 20-30 µg is sufficient. For each kinase assayed, three slides are used; the assay is performed in duplicate, and an additional array is used as a negative control (no kinase). The surface of the protein microarrays is first blocked to prevent the kinase, as well as any other analyte, from sticking to the glass surface. The slide is then incubated in the presence of the kinase of interest and radiolabeled ATP. The kinase and ATP are applied onto the slide as a mastermix in Mg 2 + containing kinase buffer that is passed through a 0.45 µm filter tip. Filtering of the kinase mastermix is recommended to remove particulates that may give rise to stray background spots upon autoradiography exposure. Kinase reactions are typically allowed to run for 1 h, however, for kinase preparations with weak activity, incubation times may be extended for up to 6 h. Upon completion of the kinase reaction, the slides are washed, dried and exposed to autoradiography film. Autoradiography films can subsequently be scanned, and the intensity of the spots quantitated.
Array data is quantitated using GenePix 2.2 to align a tab delimited text file containing the coordinates of spots and corresponding IDs of proteins. This array file can be generated in Microsoft Excel and saved as a text file 26 . Protein microarrays typically give different backgrounds than DNA microarrays, and consequently it is useful to use data processing algorithms specifically designed for protein microarrays to analyze the quantitated array data. ProCAT was specifically developed for protein microarray data analysis and has a number of features that optimize the identification and quantification of positive signals 27 . This algorithm consists of the following six modules: neighborhood background correction, sliding window signal normalization, identification of positive hits in local windows, negative control filters, signal quality checks and protein amount normalization. Positive signals are typically identified as laying a desired threshold above local background (e.g., three s.d.) and with a particular reproducibility (e.g., three of four spots achieve this threshold over two duplicate slides containing two proteins each). Signals are scored relative to the total amount of protein spotted on the slide. Figure 1 | Workflow of a protein microarray-based kinase assay to identify candidate substrates targeted by the yeast kinases. C-terminally tandem affinity purification (TAP)-tagged or N-terminally GST-tagged proteins are overexpressed in yeast and batch purified in 96-well format using IgG or GST sepharose, respectively. Proteins are then spotted in duplicate onto UltraGAPS slides using a microarray printer. Printed protein arrays are then subjected to a kinase assay using radiolabeled ATP and exposed to autoradiograph film. A representative protein microarray from each printing is probed using anti-HA or anti-GST antibodies to assess the quality of the protein spots. Shown are a representative probing of a yeast protein microarray generated using an N-terminal GST overexpression open reading frame (ORF) collection probed with rabbit anti-GST antibodies followed by Cy5-labeled anti-rabbit antibodies (entire array with all 40 blocks, left), a control kinase assay performed in the absence of any kinase (single block of 256 spots, upper right) and a [γ- (20-25 °C) . SC-ura raffinose media For liquid media, dissolve 1.7 g of yeast nitrogen base without amino acids, 5 g of ammonium sulfate, 2 g of SC-ura dropout mix and 20 g of raffinose in H 2 O to a final volume of 1 liter, and autoclave. The media can be stored at room temperature for up to 3 months. 3x YP + 6% galactose (wt/vol) Dissolve 30 g of yeast extract and 60 g of peptone in 700 ml of H 2 O and autoclave. Add 300 ml of filter sterilized 20% galactose (wt/vol); note that galactose should not be autoclaved. The media can be stored at room temperature for up to 3 months. Lysis(150) buffer Mix the following components to the indicated final concentrations: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol (vol/vol), 0.1% Triton X-100 (vol/vol), 1 mM EGTA, 0.5 mM DTT, 1 mM PMSF and protease inhibitor cocktail. Prepare on the same day as purification and pre-chill to 4 °C before use. ! cautIon PMSF powder is hazardous. Prepare using personal protective equipment in a fume hood. Lysis(650) buffer Same as Lysis(150) buffer, but with 650 mM NaCl. Prepare on the same day as purification and prechill to 4 °C before use. Lysis(0) buffer Same as Lysis(150) buffer, but without any NaCl. Prepare on the same day as purification and prechill to 4 °C before use. Elute(150) buffer Mix the following components to the indicated final concentrations: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 30% glycerol (vol/vol) and 0.1% Triton X-100 (vol/vol). The buffer can be stored at 4 °C for up to 1 month. Blocking buffer Superblock with Triton X-100 added to a final concentration of 0.1% (vol/vol). The buffer can be stored at 4 °C for up to 1 month. Kinase buffer Specific to the kinase of interest, but generally 20 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl 2 , 25% glylcerol (vol/vol) and 0.1% Triton X-100 (vol/vol). The buffer can be stored at room temperature for up to 1 year, however, prechill to 4 °C before use. Wash buffer Mix the following components to the indicated final concentrations: 10 mM Tris-HCl (pH 7.5) and 0.5% SDS (wt/vol). The buffer can be stored at room temperature for up to 1 year, however, prechill to 4 °C before use. ! cautIon SDS powder is hazardous. Prepare using personal protective equipment in a fume hood. 2| Prepare a 96-well round bottom culture box by adding a 3.5 mm glass bead and 800 µl of SC-ura media to each well.
3|
Inoculate the starter cultures from Step 1 using a multichannel pipette to add cells row by row. Touch each patch of cells gently, and then eject the tips into the wells of the box. 
5|
Allow the starter cultures to grow overnight in a shaking incubator at 200 rpm, 30 °C. ? trouBlesHootInG 6| Prepare 50 ml conical tubes for each outgrowth culture by adding an 8 mm glass bead and 20 ml of SC-ura-raffinose media to each tube.
7|
Inoculate the outgrowth cultures by adding 400 µl of each starter culture (from Step 5) to a prepared 50 ml conical tube.
8|
Incubate the outgrowth cultures for 15 h at 30 °C to an OD 600 of 0.8.
9|
Induce recombinant protein expression by adding 10 ml of 3x YP + 6% galactose (wt/vol), and allow the cells to grow another 6 h. This yields final concentrations of 1% yeast extract (wt/vol), 2% peptone (wt/vol) and 2% galactose (wt/vol). 
14|
Wash the cells by adding 1 ml of ice cold (4 °C) ddH 2 O to each well followed by spinning in a tabletop centrifuge for 5 min at 1,000g, 4 °C.
15|
Remove the water by inverting each box over a paper towel and tapping gently on the benchtop.  pause poInt The cell pellets can be stored for up to 1 month by sealing the 96-deep well box with a fitted silicone mat and placing the box at − 80 °C. When ready to proceed to purification, thaw cell pellets on ice.
preparation of crude lysates • tIMInG 30 min-1 h for every four 96-well plates 16| Freshly prepare and prechill lysis and elution buffers.  crItIcal step The remaining steps of protein purification should be carried out at 4 °C (in the cold room or on ice).
17| Equilibrate 1 volume of IgG sepharose beads using 5 volume of Lysis(150) buffer. Pellet the beads by spinning the slurry in a tabletop centrifuge for 2 min at 250g, 4 °C. Repeat three times. Resuspend the beads in 1 volume of Lysis(0) buffer to make a 50% (vol/vol) IgG bead slurry, and add 40 µl of the slurry to each well of a fresh 96-well round bottom box.
18|
To carry out the first round of lysis, add 300 µl of 0.5 mm glass beads and 200 µl of Lysis(150) buffer to each well of the 96-deep well box from Step 15. Seal the box with a fitted silicone mat.
19| Shake in a paint shaker (~1,100 cycles) for 6 min. Pellet the glass beads and cell debris by spinning in a tabletop centrifuge for 5 min at 1,000g, 4 °C. Using wide bore pipette tips, remove the supernatants, and through a 1.2 µm pore hydrophilic PVDF filter plate, add to the 96-well round bottom box containing the equilibrated IgG sepharose beads.
20|
Carry out the second round of lysis with a new fitted silicone mat in the same manner as described in Steps 18 and 19. Add 200 µl of Lysis(650) buffer to each well and use a fresh PVDF filter plate, combining the lysates from the first and second rounds. The final salt concentration of the lysate/bead slurry should be ~200 mM.
Incubation with IgG sepaharose beads
• tIMInG ~3 h 21| Seal the 96-well round bottom box containing the combined lysates with a fitted silicone mat and incubate with agitation (~30 rpm) for 2 h allowing the TAP-tagged proteins to bind to the IgG sepharose beads. Manually invert the box twice during the incubation.
22|
Wash the beads with 800 µl of Lysis(150) buffer by centrifuging in a tabletop centrifuge for 2 min at 250g, 4 °C. Carefully pour off the supernatant, and add 800 µl of Lysis(150) buffer to each well. Incubate with agitation (~30 rpm) for 5 min. elution of bound proteins using Gst-3c • tIMInG ~16 h 24| Resuspend the IgG sepharose beads with 600 µl of Lysis(150) buffer for each well, and using wide bore tips, transfer them to a 0.65 µm pore filter plate affixed onto a microtiter plate.
25|
Spin the plate using a tabletop centrifuge for 2 min at 250g to remove the buffer. Affix a new microtiter plate under the filter plate.
26| Add 40 µl of Elute(150) buffer and 1 µl of GST-3C to each well of the filter plate.
27|
Place the microtiter plate with the attached filter plate and incubate with agitation (~30 rpm). Allow the cleavage reaction to proceed overnight.
28| Equilibrate 1 volume of glutathione sepharose beads using 5 volumes of Lysis(150) buffer by washing three times. As with IgG beads, glutathione beads can be pelleted by spinning the slurry in a tabletop centrifuge for 2 min at 250g, 4 °C. Resuspend the glutathione beads in 1 volume of Lysis(150) to make a 50% (vol/vol) slurry and add to the cleavage reaction from Step 27.
29|
Incubate with agitation (~30 rpm) for 1 h allowing the GST-3C to bind to the glutathione beads. 
33|
To rearray four 96-well plates containing the purified proteins into a 384-well plate, thaw the plates on ice and add control mixtures to the control wells. In addition to a buffer-only control, also include positive control mixtures, which typically include histone H1 (a generic protein kinase substrate) and PKA (a kinase that readily autophosphorylates).
34|
Spin the rearrayed 384-well plate briefly (30 s) in tabletop centrifuge at 1,000g, 4 °C.
35|
Position the 384-well plate in the plate holder and press the operator button. Meanwhile, thaw the next four 96-well plates on ice, and repeat Steps 33 and 34.
36|
Replace the 384-well plate on the plate holder with the next 384-well plate until all the plates have been used to print. Snap freeze plates immediately after printing using an ethanol/dry ice slurry.
37|
After printing slides, they are left inside the printing machine ~10 min to dry. They can be probed with anti-HA antibodies followed by fluorescently labeled secondary antibodies to visualize the protein spotting on the array.  pause poInt Printed slides can be stored in a slide box at − 20 °C for up to a year.
processing kinase assays • tIMInG ~3 h 38| Place three protein microarrays in a slide box and block with Superblock/0.1% Triton X-100 (vol/vol) using 5 ml per slide, for 1 h at 4 °C. 
42|
Cover each array with a coverslip and place in a humidified chamber for 1 h at 30 °C.
43|
Remove the coverslip. Wash the arrays twice with ~5 ml of wash buffer for 10 min each and once with ~5 ml of ddH 2 O.
44|
Place each array carefully into a 50 ml conical tube. Spin the arrays in a tabletop centrifuge for 3 min at 500g, 4 °C.
45|
Cover the arrays with plastic wrap and expose to autoradiography film (or phosphoimager). Expose for 24 h or for several days if the signal is weak. ? trouBlesHootInG Data quantification and analysis • tIMInG 2-4 h for quantification, days-weeks for analysis 46| Scan the autoradiograph film with a scanner, and using the positive control spots in each block to orient the slide, align the array file containing each protein's ID and quantitate the signal intensities using GenePix 2.2.
47|
Process signal intensities using ProCAT 27 and identify in vitro targets for the kinase of interest.
• antIcIpateD results This assay produces an array of spots with varying intensities representing the extent of phosphorylation of each protein.
As mentioned, we routinely use GenePix 2.2 to align the array file containing each protein's ID onto our scanned autoradiograph film and quantify each individual spot's signal intensity; however, any number of array analysis softwares may also be used. We do, however, strongly suggest processing the quantitated data to call hits using ProCAT, as it has been specially designed to handle background artifacts observed with protein microarrays. Typically, with fluorescent assays, we observed < 5% cross variation for duplicate spots on a single array and 15-20% cross variation between arrays. With radioactive assays such as this one, cross variability is slightly higher (personal communication, M.G. Smith). We found that kinases exhibit a wide range of specificities, with some kinases targeting hundreds of substrates and others targeting only a single substrate 5 .
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